Although Abl functions in mature neurons, work to date has not addressed Abl's role on Cdk5 in neurodegeneration. We found that b-amyloid (Ab42) initiated Abl kinase activity and that blockade of Abl kinase rescued both Drosophila and mammalian neuronal cells from cell death. We also found activated Abl kinase to be necessary for the binding, activation, and translocalization of Cdk5 in Drosophila neuronal cells. Conversion of p35 into p25 was not observed in Ab42-triggered Drosophila neurodegeneration, suggesting that Cdk5 activation and protein translocalization can be p25-independent. Our genetic studies also showed that abl mutations repressed Ab42-induced Cdk5 activity and neurodegeneration in Drosophila eyes. Although Ab42 induced conversion of p35 to p25 in mammalian cells, it did not sufficiently induce Cdk5 activation when c-Abl kinase activity was suppressed. Therefore, we propose that Abl and p35/p25 cooperate in promoting Cdk5-pY15, which deregulates Cdk5 activity and subcellular localization in Ab42-triggered neurodegeneration. Alzheimer's disease (AD), the most frequently diagnosed neurodegenerative disease, is characterized histologically by two hallmark features: senile plaques, which are extracellular deposits of b-amyloid(Ab42), and intracellular neurofibrillary tangles of aggregated hyperphosphorylated tau protein.
Alzheimer's disease (AD), the most frequently diagnosed neurodegenerative disease, is characterized histologically by two hallmark features: senile plaques, which are extracellular deposits of b-amyloid(Ab42), and intracellular neurofibrillary tangles of aggregated hyperphosphorylated tau protein. 1 The accumulation of Ab42 has been found to precede the pathological neurodegenerational changes, 2 and the inhibition of Ab42 accumulation by amyloid vaccination can effectively prevent the pathogenesis in mammalian AD animals. 3 Less clear is the downstream protein targets of Ab42 toxicity in neurons. Thus, study of the Ab42-induced signaling cascade is of interest because it may provide clues for designing therapeutic strategies for the treatment of AD. AD brain samples show elevated cdk5 activity, 4 and deregulated Cdk5 has been associated with the tau hyperphosphorylation, a state leading to AD. 5 Like other Cdk members, Cdk5 needs to bind with its regulatory partners to activate kinase activity. One of Cdk5's activating partners, p35, is expressed primarily in postmitotic neurons. 6 Cdk5 also appears to be deregulated by its association with p25, a calpain digestion product of p35 in AD neurons. 7 The Cdk5/ p25 complex is thought to hyperphosphorylate tau and reduce tau's association with microtubules, resulting in neuronal apoptosis. 8 Recently, c-Abl has been reported to phosphorylate and activate Cdk5 through the adaptor protein Cables during brain development. 9 The integration of Abl and Cdk5 into the same biological pathway suggests they have similar roles in neuronal cytoskeletal regulation and axon guidance.
The Abl kinase, apparently evolutionarily conserved from flies to humans, is involved in the development of the nervous system. 10 Based on genetic studies of mice 11 and Drosophila, 12 abl mutations may lead to neuronal defects. Abl kinase has also been implicated in the regulation of apoptosis. 13 Interestingly, the cytotoxicity of Ab42 is considered a crucial stress factor causing neuronal cells to enter apoptosis in the mammalian AD brain. 14 Therefore, it is worthwhile to investigate possible involvement of Abl kinase in the progression of neurodegeneration. A growing body of evidence has suggested that AD-related molecular factors are highly conserved in Drosophila, including the amyloid precursor protein-like (Appl), g-secretase, presenilin, Cdk5, and tau. 15 Several groups [16] [17] [18] [19] have attempted to generate Drosophila AD model by expressing a human Ab42 or Ab40 in compound eyes and CNS. Similar to the findings in mammals, studies in flies have found neuronal lost phenotype is correlated with the Ab42 (but not Ab40) expression and enhanced with age. Thus, Drosophila might be used as an alternative means of studying the molecular mechanisms in such human neurodegenerative diseases as AD. 20 This study used a Drosophila model system to explore the involvement of Abl in the regulation of Cdk5 during the amyloid-initiated neurodegeneration. We first show that the suppression of Abl expression or kinase activity diminished the activation of Cdk5 triggered by Ab42 and reduced Drosophila neuronal cell death. Our genetic studies also supported the hypothesis that Abl is needed to induce the Cdk5 kinase activity that causes neurodegeneration. In addition, Ab42-induced neurodegeneration in mammalian cells was rescued by an Abl kinase inhibitor, STI571 (Gleevec, Imatinib). Cleavage of p35 to p25 by Ab42 did not seem to sufficiently induce Cdk5 activation when c-Abl kinase activity was suppressed. Our findings suggest that the role of Abl on Cdk5 is conserved from fly to human in the amyloid-induced neurodegeneration.
Results
Ab42 activates Abl kinase activity for Drosophila neuronal death. To assess the use of Drosophila model to measure Ab42 neuronal toxicity, we found treatment with Ab42 caused dose-dependent cell death in Drosophila neuronal cells, BG2-c2 21 ( Figure 1a ). In contrast, treatment with reversed Ab42 peptide did not show notable neuronal toxicity, suggesting that the effect we observed was specific to Ab42 (data not shown). Intriguingly, inhibiting the expression of Abl by double-stranded RNA (dsRNA) clearly prevented Ab42-induced neuronal death (Figure 1b) . The dsRNA-abl suppressed the Abl expression in a dosedependent manner, and the efficacy of this inhibitory effect was unaffected by treatment with Ab42 ( Figure 1c) . No detectable change in viability was observed after treatment with the control, dsRNA-EGFP (data not shown).
To investigate whether Abl kinase activity could be modulated by Ab42 in neurons, BG2-c2 cells were treated with Ab42 and Abl activity was indirectly measured by monitoring the tyrosine-phosphorylation level of Ena. 22 Notably, Ab42 elevated Ena phosphorylation levels, but STI571 lowered them (Figure 1d ), a finding suggests Ab42 stimulated Abl kinase activity. To determine whether activated Abl is necessary for Ab42-induced neuronal death, Abl kinase activity was suppressed by STI571 in Ab42-treated neurons and cell survival was monitored. Treatment with STI571 halted Ab42-induced neuronal death ( Figure 1e ). As STI571 also hit other kinases (e.g. PDGFR and c-Kit), 23 we cannot rule out the possible involvement of other non-Abl kinases. However, our data clearly suggest that Abl is an important cellular factor involved in Ab42-triggered Drosophila neuronal death.
Activated Abl kinase is essential for Abl-Cdk5 interaction and Cdk5 activation. We speculated that Abl might be an upstream regulator for Cdk5 activation in response to Ab42 stimulus. To explore this idea, we first investigated whether Ab42-triggered Abl activation could affect the physical association of Abl and Cdk5. To determine the interaction between Abl and Cdk5, endogenous Cdk5 was co-immunoprecipitated with exogenous HA-tagged Abl in BG2-c2 cells. Treatment with Ab42 facilitated the AblCdk5 interaction (lane 4 in Figure 2a and b) . Moreover, when Abl activity was suppressed, the Abl-Cdk5 association in cells was dramatically reduced (lane 5 in Figure 2a and b) . We also generated antibody against Drosophila Abl to determine whether the endogenous Abl associates with the endogenous Cdk5, and found the similar results ( Figure 2c) .
We wanted to test whether Cdk5 was activated in the AblCdk5 complex. Using histone H1 as substrate, we immunoprecipitated Cdk5 from the cell lysate for in vitro kinase assay. Drosophila Cdk5 kinase activity was higher after treatment with Ab42 than in the untreated controls (Figure 2b ). The elevated Cdk5 activity was corresponded with the activated Abl because STI571's repression of Abl activity not only abolished the Abl-Cdk5 interaction but it also sharply diminished Cdk5 kinase activity (Figure 2b ). Moreover, using other Abl kinase regulating agents, doxorubicin (DX) to activate and erbstatin analog (EA) to suppress Abl kinase, we also demonstrated that Abl kinase activity was required for the modulation of Cdk5 kinase (data not shown). Taken together, these results suggest that Abl kinase activity is essential for Abl-Cdk5 interaction and Cdk5 activation in Ab42-triggered neurodegeneration.
In vivo role of Abl in activating Cdk5 kinase for Ab42-triggered neurodegeneration. To further validate our findings in vivo, we used a transgenic fly model, which ectopically expresses Ab42 in developing compound eyes. [16] [17] [18] [19] By crossing the UAS-Ab42 transgenic lines to the eye-specific gmr-GAL4 driver in either wild-type or abl mutant backgrounds (abl 1 /Df(3L)st-j7, Ki), 24 we clarified the role of Abl on Ab42-triggered neuronal defects based on the severity of adult eye phenotypes. In the wild-type background, the adult flies in which Ab42 was expressed showed facet disorder (fused ommatidium) and bristle loss in compound eyes, whereas the control gmr-GAL4 did not (Figure 3a and b) . Notably, the Ab42-induced phenotypes were suppressed by the mutation of abl (Figure 3d ), indicating that Abl may be an important contributor to Ab42-induced neurodegeneration in Drosophila compound eyes. Y15 phosphorylation of Cdk5 by the Abl upregulates its kinase activity. 9 To understand the role of Drosophila Cdk5 on this event, we investigated whether the phosphorylation of Cdk5-Y15 could be correlated with the pathological activation of Cdk5 in neuronal cells. Cdk5-Y15 phosphorylation (Cdk5-pY15) levels in cells were examined over time following treatment with Ab42. The Cdk5-pY15 in the immunoprecipitates was observed by immunoblotting with an anti-phospho antibody specific for Cdk5-pY15. Within 60 min, Ab42 brought about an elevation of Cdk5-pY15, which paralleled an increase in Cdk5 activity (Figure 4a ). We also transfected the kinase-inactive Cdk5 into the Ab42-stimulated neuronal cells, and found that the Cdk5-pY15 signal and the neuronal death were diminished (data not shown). Once cells had been treated with Ab42, Abl was able to regulate Cdk5 activity (Figure 2 ), leading us to hypothesize that Abl may be Cdk5-Y15 kinase. To test this hypothesis, we repressed Abl activity with STI571 in Ab42-treated cells and found that both the Cdk5-pY15 and kinase activity were diminished ( Figure 4b ). Moreover, we transfected dsRNA-abl into cells to reduce Abl expression 2 days before Ab42 treatment. Consistent with the results with STI571, these cells exhibited a reduction in Cdk5-pY15 and kinase activity (Figure 4c ), indicating that Abl is crucial in the activation of Cdk5 induced by Ab42.
This finding was further substantiated in vivo by immunoprecipitating endogenous Cdk5 from w.t. and abl mutant adult fly heads to compare their Cdk5-pY15 levels and Cdk5 activities. The Cdk5-pY15 signal and kinase activity were both elevated in flies overexpressing Ab42 than in the control flies ( Figure 4d, lanes 1, 2) . In contrast, Cdk5-pY15 signal and Cdk5 activity was reduced in abl mutant flies overexpressing Ab42 (Figure 4d, lanes 3, 4) . In summary, Abl is involved in Ab42-induced neuronal apoptosis via the regulation of Cdk5.
p35 is not cleaved into p25 in Drosophila neurodegeneration model. p35 is conserved in Drosophila and functions to modulate Cdk5 activity during neurite outgrowth. 25 In AD brain, mammalian p35 has been cleaved into p25 by calpain to deregulate Cdk5. 26 Although putative calpains are also present in Drosophila, 27 the consensus calpain cleavage site is absent in Drosophila p35 (Dp35) (Figure 5a ). Therefore, it is unclear whether Dp35 Consistently, these results revealed no detectable cleavage or reduction of Dp35-HA protein (B53 kDa) in either the cell culture or transgenic systems will convert into p25 when stimulated by Ab42. To investigate this possibility, we transfected HA-tagged Dp35 into cells before treating them with Ab42 or calcium ionophore. Intriguingly, we did not observe any noticeable cleavage or reduction of Dp35 levels in the lysates (Figure 5b, left panel) . To analyze the Dp35 cleavage in vivo, we generated transgenic flies coexpressing Dp35 and Ab42 in eyes by a gmr-GAL4 driver. We also observed no visible cleavage or reduction of the Dp35 in the Ab42 transgenic flies (Figure 5b , right panel). These results suggest that Dp25 or other truncated forms of Dp35 may not be required for the Ab42-induced Drosophila neurodegeneration. However, the absence of Dp35 cleavage in neurodegenerative flies does not necessarily imply that p35 is dispensable for the regulation of Cdk5 in Drosophila neurodegeneration. To test this idea, dsRNA-Dp35 was transfected before the cells were stimulated with Ab42. The Dp35 protein levels were repressed by dsRNA-Dp35 in a dose-dependent manner (Figure 6a , left panel). Although Cdk5-Y15 was still phosphorylated in response to Ab42, the Cdk5 activity was abolished after Dp35 was depleted from cells ( Figure 6a , right panel). This result suggests that the induction of Cdk5 by Abl still requires the involvement of p35.
To address the cooperative role of Abl and p35 in neurodegeneration, we conducted a genetic interaction assay. Overexpression of Dp35 in the eyes by a gmr-GAL4 driver resulted in severe adult rough eye phenotypes (Figure 6c) . Consistent with the results from Ab42-induced eye phenotypes, abl mutant suppressed the Dp35-induced rough eye phenotype (Figure 6d ). Because overexpression of Dp35 has been shown to induce Cdk5 hyperactivation, 25 the finding of abl mutant suppressed Dp35-induced phenotypes further substantiates the role of Abl in neurodegeneration.
Cdk5-Y15 phosphorylation by
7 Intriguingly, although the cleavage of p35 into p25 may be absent in fly neurodegenerative neurons, the myristoylation site is conserved in Dp35 (Figure 5a ). The unique sequence feature of Dp35 suggests that Drosophila Cdk5-p35 complex may be resident on the cell membrane and cannot be translocalized to the cytosol. To explore this speculation, endogenous Cdk5 localization was examined by immunostaining. Without the stimulus of Ab42, the Cdk5 was mainly expressed on the cell membrane with less in the cytosolic region (Figure 7a) , which is similar to findings in mammalian studies. 28 Unexpectedly, 1 h after Ab42 stimulus, Cdk5 was markedly translocalized from cell membrane to the perinuclear cytoplasm (Figure 7b ), which suggests a p25-independent mechanism for Cdk5 translocalization. By treating cells with BL-1 (Cdk5 kinase inhibitor) simultaneously with Ab42 to block the Cdk5 activation, the translocalization of Cdk5 to perinuclear cytoplasm was abrogated (data not shown), indicating it is activitydependent regulation of Cdk5. These results suggest that the accumulation of Drosophila Cdk5 within the cells is affected by the kinase activity of Cdk5.
As phosphorylation of Cdk5-Y15 correlates with Cdk5 activity, we investigated whether the Cdk5-pY15 is required for directing Cdk5 subcellular localization. Without the Ab42 stimulus, Cdk5
Y15F was primarily localized to the cell membrane similar to the wild-type Cdk5 (Figure 7c ). However, treatment of Ab42 did not noticeably translocalize Cdk5 Y15F to the perinuclear cytoplasm (Figure7d, arrow) , in contrast to the untransfected cells (Figure 7d, arrowhead) . Thus, the translocation of Cdk5 may be modulated by the Abl phosphorylation of Cdk5-Y15. To test this idea, we suppressed Abl activity before stimulating cells with Ab42 and immunostained both the Abl-HA and the endogenous Cdk5. The Abl and Cdk5 were colocalized to the plasma membrane and cytoplasm in control cells (Figure 7g, j, m) . Upon stimulation with Ab42, the colocalization of Cdk5 with Abl in the perinuclear cytoplasm was increased (Figure 7h, k, n) . However, such protein translocalization was markedly repressed when Abl activity was blocked (Figure 7i , l, o, arrow). We also transfected dsRNA-abl into neuronal cells and found the similar results (data not shown). These results accord well with the role of Abl on modulation of Cdk5 in neurodegeneration. Ab42-triggered human p35 cleavage into p25 is insufficient to initiate Cdk5 kinase activity in cells deficient of c-Abl kinase activity. To explore the possibility that the role of Abl in Drosophila neurodegeneration is conserved in mammals, we examined whether c-Abl kinase activity was involved in Ab42-induced mammalian neuronal apoptosis. C-Abl kinase was suppressed with STI571 in human IMR-32 cells before treatment with Ab42, and neuronal viability was determined. Like the results in the Drosophila, the inhibition of c-Abl activity prevented neuronal death in cells (Figure 8a) . Moreover, knockdown of c-Abl expression by siRNA also repressed Ab42-induced neurotoxicity (data not shown). Thus, we wanted to determine whether the conversion of p35 into p25 was sufficient to deregulate Cdk5 activity whereas Abl activation was inhibited. After IMR-32 cells were pretreated with STI571 to block c-Abl activity, they were incubated with Ab42 to induce the cleavage of human p35. As was found in a previous study, 26 we found that Ab42 triggered the cleavage of p35 into p25 and increased Cdk5-pY15 and kinase activity ( Figure 8b, lane 2) . However, in the presence of STI571, both the Cdk5-pY15 and kinase activation were reduced, though the formation of p25 was not obviously affected ( Figure 8b, lane 3) , suggesting that the cleavage of p35 into p25 was insufficient to fully activate Cdk5 whereas c-Abl activity was suppressed. We speculated that p25 cooperated with c-Abl to help activate Cdk5 kinase because the p25-Cdk5 complex was more stable than that of p35-Cdk5. 29 To test this hypothesis, a calpain inhibitor was used to inhibit the cleavage of p35 to determine the function of p25 on Cdk5. Interestingly, the blockade of p35 cleavage did not diminish Cdk5-pY15 but the Cdk5 activity was considerably reduced (Figure 8c, lanes 2, 3) , suggesting that the formation of p25 was indeed important for the Cdk5 activation, whereas the phosphorylation of Cdk5-Y15 was independent of p35 cleavage. Moreover, we also found that the cotreatment of cells with Calpeptin and STI571 further reduced the Cdk5 activity (Figure 8c, lane 5) , supporting the idea that Abl and p25 cooperated in deregulating Cdk5 in mammalian cells.
Discussion
AD is characterized by the accumulation of Ab and the hyperphosphorylation of tau in the neurodegenerative brain. Although Cdk5 is one of kinases that have been implicated in tau phosphorylation, the underlying mechanisms that induce the Ab signals to deregulate Cdk5 for the progression of neurodegeneration is not yet clearly understood. By using Drosophila as a model system, our study has provided several lines of evidence supporting the idea that Abl mediates Cdk5 for Ab42-triggered neurodegeneration.
The role of Abl in Ab42-induced neurodegeneration. Like Cdk5, cellular Abl functions in neural development and its kinase activity and subcellular localization are tightly regulated. 10 Here, we first show that Abl appears to be essential for Ab42-triggered Drosophila neurodegeneration both in vivo and in vitro. It is of interest in this regard that Abl may serve as a putative molecular target to stop the progress of neurodegeneration. Interestingly, the anti-leukemic agent Abl kinase inhibitor, STI571, was shown to rescue the Ab42-induced neurodegeneration in both Drosophila and The colocalization of Cdk5 with Abl in the perinuclear cytoplasm is markedly increased upon stimulation with Ab42. Cdk5 and Abl-HA were double-immunolabeled to investigate whether they colocalized upon Ab42 stimulus. Without treatment of Ab42, Abl-HA (green) and Cdk5 (red) were colocalized to the cell membrane and cytoplasm (panels g, j, and m). As expected, Abl-HA and Cdk5 colocalized to perinuclear regions in response to Ab42 stimulus (panels h, k, and n; 85% in perinuclear region, N450). White arrow indicates an Abl-HA transfected cell exhibited no Abl or Cdk5 protein translocalization to perinuclear region whereas STI571 and Ab42 were treated simultaneously to cells (panels i, l, and o; 13% in perinuclear region, N450). Scale bar: 10 mm mammalian cells. However, STI571 is probably not an ideal reagent for testing this idea in vivo because of its low penetration capability through the blood-brain barrier. 30 Another previous link between Ab42 and Abl inhibition by STI571 was reported in a recent study by Netzer et al. 31 Ab42 production was reduced by STI571 in neuronal cultures and in guinea-pig brain. Therefore, it is reasonable to speculate that Abl kinases might affect amyloid signaling at various points including Ab42 production.
Deregulation of Cdk5 by Abl in Ab42-triggered neurodegeneration. In light of above findings, we explored whether Abl acted to deregulate Cdk5 in Ab42-triggered neurodegeneration. All of our data, including biochemical, genetic, and immunocytochemical studies, supported this view. Specifically, the activated Abl interacted with Cdk5 to potentiate Cdk5 kinase activity through Y15 phosphorylation. The blockade of Abl activation or the reduction of protein expression led to about a 50% reduction in Cdk5 activity. The proper localization of Cdk5 is important in regulating its kinase substrates for cytoskeletal dynamics. 32 Concomitant with elevated Cdk5 kinase activity, Cdk5 was translocalized from the cell membrane to a perinuclear localization. Treatment of cells with STI571 to repress Cdk5-pY15 also inhibited Cdk5 translocalization, a finding that suggests Abl controls Cdk5 shuttling by the phosphorylation of Cdk5-Y15. Furthermore, this hypothesis was further substantiated in vivo (Figures 3 and 4d) . Collectively, our data support the possibility of a novel pathway in which Abl confers regulation on Cdk5 activity and subcellular localization in Drosophila neurodegeneration.
A p25-independent activation and translocalization of Cdk5 kinase in Drosophila neurodegeneration. In the mouse AD brain, p35 was converted to p25 by calpain in cerebral tissue, and suppression of calpain activity effectively repressed p35 cleavage and Ab42-induced neuronal death. 26 This report imply that p25 may be crucial in augmenting Cdk5 kinase activity in the AD pathogenesis. However, overexpression of p35 has been also found sufficient to initiate Cdk5 kinase activity in both mammalian and Drosophila cells. 6, 25 Our studies also show that, although Abl activates Cdk5, it cannot do so without One perplexing finding from our fly data is the absence of cleavage of p35 into p25 in neurodegenerative cells, despite the fact that Cdk5 kinase activity was still stimulated by Ab42. Several recent studies have suggested that p35 plays a critical role in the progression of neurodegeneration. [33] [34] [35] In consideration of the molecular events in the chronic progression of AD pathogenesis, conversion of p35 into p25 may be a progressive and tightly regulated procedure in neurons. Therefore, both p35 and p25 might share a common role in modulating Cdk5 for normal and pathological activities in neurons. Our Cdk5 immunostaining data show an Abldependent mechanism in the regulation of Cdk5 localization by demonstrating that Cdk5 translocalized to the perinuclear cytoplasm by Abl phosphorylation of Cdk5-Y15 but not the p35 cleavage (Figure 7) . Consistent with this finding, two recent reports have suggested that Cdk5 in company with p35 could be transported into nucleus in primary cortical neurons to facilitate apoptosis. 36, 37 Given the fact that Dp35 is not cleaved to Dp25 in Drosophila neurodegeneration, the Drosophila model may be instrumental in testing the function of p35, without the involvement of p25, in deregulating Cdk5 kinase activity.
On the other hand, our mammalian cells study also supports that, by cooperating with c-Abl, p25 may be associated with Cdk5 activation, although we point out that the formation of p25 does not sufficiently trigger Cdk5 activity when Abl activation was blockaded (Figure 8b ). The strongest evidence for the requirement of both c-Abl and p25 in facilitating Cdk5 activation and neurodegeneration in Ab42-treated mammalian neurons comes from the parallel blockades of c-Abl activation and p35 cleavage that further abolished endogenous Cdk5 activity. In this regard, it is relevant to conjecture a similar cooperative role of c-Abl and p35 on Cdk5 during the neurodegeneration, presumably by Abl phosphorylation of Cdk5 to stabilize Cdk5-p35 complex. In the present study, we provide the evidence that the induction of amyloid also enhanced Abl-Cdk5 complex. Accordingly, amyloid may facilitate the association of Abl with Cdk5-p35 complex in the degenerative neurons.
In light of ours and others findings, 9, 26 we can postulate a model for Ab42-induced neurodegeneration in which the Abl may associate with Cdk5-p35 to modulate Cdk5 kinase activity and subcellular localization, ultimately leading to aberrant cytoskeletal rearrangement and neurodegeneration. Alternatively, Abl may also interact with Cdk5-p25 complex and further deteriorate neurological function. Perhaps neurons provide a flexible and adequate framework for both neuronal plasticity and pathological neurodegeneration in brain.
Materials and Methods
Cell culture, DNA constructs, and transfection. Drosophila neuronal cell line, BG2-c2, is a Drosophila melanogaster third-instar larval neuronal cell line cultured in M3 medium (Sigma) plus 10% FBS (Hyclone), 10 mg/ml insulin (Sigma), and penicillin/streptomycin (BRL-Gibco) in 24.51C. IMR-32 (human neuroblastoma) was provided from ATCC (#CCL-127) and propagated in MEM medium (BRL-Gibco) plus non-essential amino acids (BRL-Gibco) and 10% FBS (Hyclone).
Drosophila constitutive expression vectors for all DNA constructs are pAc5.1 (Invitrogen). cDNA of abl, and ena in pPac vector were subcloned into pAc5.1. Drosophila Cdk5 was obtained from Drosophila EST LD01910 and subcloned into pAc5.1 vector by Not1 and Xba1 cutting sites. Dp35 was obtained from EST HL05519 and subsequently cloned into HA-tagged pAc5.1 vector. Cdk5 Y15F mutant was constructed by PCR-based mutagenesis. Transient transfection of neuronal cells was performed using the liposome-based method with 1B2 mg DNA/10 5 cells. BG2-c2 cells were transfected with dsRNA (20 mg/2 Â 10 6 cells) 2 days before drug treatments for another day.
Cell viability assay. The modified MTT assay (Sigma) was carried out to quantify neuronal cell viability. 26 The intensities measured by optical density reader (SpectroMAX plus, Molecular Devices) at 570 nm (background: 630 nm) proportionally represented the viable cell numbers. Amyloid was dissolved in water to give solution of 200 mM and incubated at 371C for 48 h before use.
Immunoprecipitation and Western blot analysis. Cell lysate was produced in lysis buffer or extract buffer 38 for Cdk5 immunoprecipitation. Proteins were analyzed by direct Western blotting (30 mg/lane) or blotting after immunoprecipitation (1-2 mg/immunoprecipitation). Immunoprecipitates were collected by binding to protein G PLUS/Protein A-Agarose (Oncogene Research Products). Antibodies were listed below: anti-Cdk5 antibody (clone DC17, Upstate; sc-750, Santa Cruz), anti-Cdk5-pY15 antibody (sc-12919, Santa Cruz), anti-HA antibody (BAbCO), anti-p35 antibody (sc-820, Santa Cruz) and affinity-purified Ena polyclonal antibody. 39 ECL detection reagent was used to detect the immunoreactive proteins. The intensity of the bands was measured by LAS1000 (Fuji Film). The ratio of intensities between an anti-pY15 antibody image in Ab42 treatment and an anti-Cdk5 antibody image was used for the analysis of tyrosine phosphorylation of Cdk5.
In vitro Cdk5 kinase assay. Kinase assay was performed by washing immunoprecipitates three times with kinase reaction buffer (50 mM HEPES (pH 7.0), 10 mM MgCl 2 , and 1 mM DTT). The beads with target proteins were incubated with kinase reaction buffer containing 2 mg of substrate (histone H1, Calbiochem) and 10 mCi of 33 Pg-ATP in a final volume of 40 ml at 301C for 30 min.
DsRNA and siRNA assays. DNA fragments including both sense and antisense coding sequences for Drosophila abl (729 bp, CDS: 241-969), EGFP (full-length, 765 bp, Invitrogen), and Dp35 (720 bp, CDS: 1-720) were amplified by PCR. PCR products were subcloned into the vector (all cut by BamH1 and blunt-end products were produced), pBluescript (cut by EcoRV, Strategen) and subsequently used as templates to in vitro transcribe by T3/T7 MEGAscript kit (Ambion). Singlestranded RNA were generated and annealed with compensatory strands in 651C for 30 min, followed by 941C, 5 min and 721C, 10 min. DsRNA products were confirmed as a single band by electrophoresis and stored in À201C. To knockdown c-Abl expression in mammalian cells, SH-SY5Y and IMR-32 cells were transfected with cAbl siRNA (Upstate, Abl siRNA SMARTpoolt) or control luciferase siRNA for 36 h before stimulation with Ab42 for 48 h. The cell viability was determined by WST-1 reduction assay (Roche). The percentage of viable cells was normalized with that in the control cells.
Immunohistochemistry. Neuronal cells cultured on coverslips (coated by poly-L-lysine, Biochrom AG) were fixed, permeabilized, and blocked as previous described. 39 Primary antibodies (anti-Cdk5, 2 mg/ml; anti-HA, 1:500) diluted in 3% BSA-PBS were incubated with coverslips overnight at 41C. Cells were washed in PBS and exposed to FITC or TRITC-conjugated secondary antibodies (affinitypurified goat anti-mouse IgG, 1:2000, Jackson) for 1 h at RT. After extensive washing, coverslips were mounted in Gel/Mount (Biomeda) and observed by Leica confocal microscopy. Quantification of the subcellular localization of Abl and Cdk5 was analyzed by immunofluorescence microscopy.
Genetics. A cDNA encoding the fragment of human amyloid precursor protein, Ab42, was amplified from a human brain cDNA library by PCR with primer 5 0 -AAGATGGATGCAGAATTCCGACATGACTCAGGA-3 0 and 5 0 -TTAATGATG ATG ATGATGATGCGCTATGACAACACCGCCCACCATGAGTCCAAT-3 0 . cDNAs of Ab42, Dp35, cdk5, and cdk5 Y15F were separately subcloned into GAL4-responsive pUAST vector which was used to microinject for transgenic fly. Embryos of the D23/ þ genotype fly were microinjected and transgenic lines were obtained by standard methods, 40 and genomic DNA from individual transgenic lines were verified by autosequencing. Five independent UAS-Ab 42 transgenic strains are generated and three strains were further characterized by crossing with gmr-GAL4 flies. The rough eye phenotype of these strains is shown in a range from 72 to 87.2% penetrant. abl 1 (a mutant generated by ethyl methanesulfonate mutagenesis) and deficiency Df(3L)st-j7, Ki (a small deletion that encompasses the abl gene) flies 26 were crossed with transgenic flies to obtain abl À/À background flies with ectopically expressed proteins. The double transgenic flies, which expressed both Ab42 and Dp35-HA, were also generated by sequent crossing. All ectopically expressed Ab42 and Dp35-HA were expressed by driving of gmr-GAL4 in fly eyes.
